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Method for Calculating The Ratio of Relative Permeabilities of Formation Fluids and
Wettability of A Formation Downhole, and A Formation Testing Tool to Implement fhe

Same

FIELD OF INVENTION

The present invention generally relates to characterization of formation fluids in a
reservoir, and more specifically relates to determination of relative permeability ratio of

formation fluids and wettability of the formation downhole.

BACKGROUND OF THE INVENTION

Wireline formation testing data are essential for analyzing and improving reservoir
performance and making reliable predictions, and for optimizing reservoir development and

management.

Knowing the ratio of the relative perfneability of formation fluids may allow for more

accurate prediction of oil displacement by water and therefore of reservoir production.

Wettability is also a very important parameter in reservoir engineering as it is needed
for accurate production predictions. Wettability exerts a profound influence on the displacement
of oil by water from oil producing fields. Therefore, accurate predictions on the development of
oil and gas reservoirs depend on the wettabilit}(f assumptions. In particular, during early
production of a reservoir, such as during the exploration well and/or appraisal well stages,

characterizing wettability is one important parameter that is used in reservoir engineering.

Measuring a certain wettability index in-situ with the available techniques is
challenging. Specifically, it is generally very difficult to characterize or qualify formation
wettability, so wettability is measured indirectly through other reservoir properties that affect
wettability, such as relative permeability, capillary pressure, or water saturation profile in the

transition zone.

Elshahawi et al., Capillary Pressure and Rock Wettability Effects on Wireline
Formation Tester Measurements, SPE 56712, have described a way to measure capillary

pressure in-situ, from which an assumption on the formation wettability can be made.

Freedman et al., Wettability, Saturation, and Viscosity from NMR Measurements,
SPE Journal, December 2003 or Looyestijin et al.; Wettability Index Determination by Nuclear
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Magnetic Resonance, SPE 93624 have also developed a theory to deduce a wettability index
from NMR transverse relaxation time T2, but to the inventors’ knowledge it has not been tried

in-situ to this time.

U.S. Patent No. 7,032,661 B2 describes a method and apparatus for combined NMR
and formation testing for assessing relative permeability with formation testing and nuclear

magnetic resonance testing.

SUMMARY OF THE INVENTION

A method and apparatus according to the present invention relate to in-situ
determination of the ratio of oil and water relative permeabilities and rock wettability, using

formation testing.

A method according to the present invention includes pumping formation fluid from
the reservoir using a formation testing tool, such as Schlumberger’s Modular Formation
Dynamics Tester (MDT) wireline tool, separating the fluid components (water and
hydrocarbons) using, for exainple, but not limited to a pump, measuring in real time the physical
characteristics of the fluid slugs with downhole fluid analysis (DFA) tools of a formation tester,
and calculating the ratio of relative permeabilities of formation fluids and wettability of the

formation based on the measured characteristics of the formation fluids.

According to an aspect of the present invention, the characteristics that are measured

are fluid type (e.g. water or hydrocarbon), fluid viscosity and fluid flowrate.

According to another aspect of the present invention, for efficient results, the method

is applied in transient zones where both water and oil are produced.

Other features and advantages of the present invention will become apparent from the

following description of the invention which refers to the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES
Fig. 1 sets forth the steps in a method according to the present invention.

Fig. 2A graphically illustrates relative permeability values as a function of water

saturation in a formation.
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Fig. 2B illustrates a calculated ratio of Kro/Krw as a function of water saturation

based on the data from Fig. 2A.

Fig. 3 schematically illustrates a tool for implementing a method according to the

present invention.

Fig. 4 illustrates an example of measured values for the viscosity of oil/water as a

function of time.

Fig. 5 illustrates an example of a DFA log showing volume ratio of oil slug and water

slug.

DETAILED DESCRIPTION

An objective of the present invention is downhole formation evaluation for the
determination of the relative permeability ratio in downhole conditions. Downhole as used

herein refers to a subsurface location in a borehole.

According to one aspect of the present invention, an existing formation tester tool, for
example, the Modular Formation Dynamics tester (MDT) of Schlumberger, and downhole fluid
analysis techniques, such as but not limited to, optics and viscosity measurements are used to

implement a method according to the present invention.

In a method according to the present invention, the ratio of relative permeability of
two formation fluids (e.g. oil and water) obtained downhole is calculated using real time
measurement of viscosity and flow rate of each fluid in real time. In this, the disclosure herein
contemplates that any suitable viscometer, for example, a DV-Rod Fluid Viscosity sensor from

Schlumberger, or a vibrating wire viscometer, may be utilized for measurement of viscosity.

Darcy's law relates the flow rate of a formation fluid to its relative permeability and

viscosity as follows:

it AVP
9, =
4 77(0 14
where g, is the flow of the phase ¢, k is the formation absolute permeability, k, is the relative
permeability of phase @, A is the cross sectional area of flow and VP, is the pressure gradient of

phase o.
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Therefore, for water,

kk,,
g, = —2AVP,
/8
LA
qO = (7}
7,

and for oil,

Taking the ratio between the two flows:

k
D _ M " _ km-nw(H VPCJ
=% = : _
9. n_mVPw krw 770 VPW

where VP, is the capillary pressure gradient. Note that the capillary pressure is defined as P.=P,-
Py. It is assumed that the pressure gradient/drawdown is large enough to overcome the capillary

pressure, therefore, it can be neglected compared to VP,,. The equation simplifies to,

9 _ k.,
q, ki,
Thus,
kr q, 1 .
—2 =—9 (Equation A)
kr, 4.7,

That is, the ratio of the relative permeability of one formation fluid (e.g. oil) to the
relative permeability of another formation fluid (e.g. water) can be obtained by dividing the
product of the flow rate ratio and viscosity of one formation fluid by the product of the flow rate

and viscosity of another formation fluid.

Referring to Fig. 1, in a method according to an embodiment of the present invention,
first a sample of formation fluid is obtained in a zone of interest downhole S10 using preferably
pumping or the like. A formation tester tool, for example, a Modular Formation Dynamics

Tester (MDT) available from Schlumberger (assignee of the present application), is suitable for
4
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obtaining a sample of formation fluid. Fig. 3 schematically illustrates a modular dynamic tester.
Formation fluid (particularly in a transition zone of a reservoir) typically includes a water phase
and an oil phase. Thus, in the next step S12 the water phase is separated from the oil phase.
Thereafter, downhole fluid analysis (DFA) S14 is carried out on each of the separated fluids to
determine whether it is the water phase or the oil phase. DFA S14 also measures the flow rate of
each respective fluid. A suitable tool to carry out DFA S14 can be a DFA tool available from
Schlumberger (assignee of the present application), which may include, for example, optics, and
density and viscosity sensors. After identiﬁcation of each of the separated fluids, the viscosity of
each fluid is measured S16. Alternatively, viscosity of each fluid phase may be calculated S17.
Next, the determined viscosity and the determined flow rate of each fluid is used to calculate the
ratio of the relative permeability of the two fluids S18 (i.e. oil and water) using Equation A set

forth above. Therefore, wettability is qualified or characterized S20.

According to another aspect of the present invention, wettability of the formation can
be estimated using the calculated ratio of the relative permeabilities of the formation fluids, and
the water saturation of the formation. Specifically, referring to Fig. 2A reproduced from Buckles
et al., Toward Improved Prediction of Reservoir Flow Performance, Los Alamos, Number 1994
which graphically illustrates relative permeability values as a function of water saturation, a
water saturation value can be used in conjunction with the calculated ratio of relative

permeabilities of the formation fluids to qualify the wettability of the formation.

Fig. 2A is an illustration of the relative permeabilities of water and oil. Such a graph
can be drawn for a typical rock category, such as sandstones and limestones. From this graph,
one can calculate the graph presented in Fig. 2B that represents the ratio of Ky, to Krw as a
function of water saturation. Water saturation can be provided by, for example, electrical logs.
The ratio of K, to Kiw can be provided, according to the Formula A, knowing the ratio of oil
flow rate and water flow rate, or, the equivalent, the ratio of oil volume by water volume over the
same period of time. The viscosity can be either directly measured downhole, using viscosity
sensors or any other sensor that can give viscosity as a side product, or can be calculated from
the equation of states, knowing the composition, pressure and temperature for the oil and
knowing the salinity, pressure and temperature for the water, or any other way to determine the
viscosity of water and oil, or directly its ratio. Knowing the water saturation and the ratio of Ky,
to K. one can characterize the tendency of wettability of the rock. For example (shown in the
Fig. 2B) if there is a water saturation of 0.44 and a ratio of K, to K of 5, the plot is close to the

"water wet curve", showing a strong water wet tendency.
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A method according to the present invention can be implemented using a downhole

formation testing tool. Referring speéiﬁcally to Fig. 3, the downhole formation tester tool

according to one embodiment includes a seal probe 204 to establish communication between a

reservoir formation 200 and an entry port of a flow line in a borehole 202, a probe module 205 to

control seal probe 204 and set it at the desired depth, a separator module 206, a downhole fluid

- analysis module 207, a pump module 208, and formation tester tool conveyance 201, which can

be either a wireline, a drill stem, a coiled tubing, a production tubing, or another known
mechanism for deploying a downhole formation tester tool. The module configuration is not
limited to the previous description and the order of the module can be changed or other modules
can be added. In some cases, pump module 208 can be used as a separator, in which case the
separator itself is not necessary. In such a case, pump module 208 would be disposed in the

position of separator 206.

Note that a tool according to the above embodiment is of the wireline variety. It
Should, however, be noted that a tool that is conveyed via a pipe is within the scope and spirit of
the present invention. A method according to the present invention thus can be applicable to
drilling and measurement applications, testing, completion, production logging, permanent fluid

analysis, and in general to any method related to downhole wettability measurements.

The downhole fluid analysis module should include at least the capability to
distinguish between water and oil (such as but not limited to an optical differentiator), a viscosity
sensor and a flow meter. In one preferred embodiment, the flow can be measured directly from

the pump.

The method can be used with, but not limited to, wireline formation tester tools such
as Modular Formation Dynamics Tester (MDT) available from the assignee of the present
invention. Thus, a method according to the present invention can be applicable to drilling and
measurement applications, testing, completion, production logging, permanent fluid analysis,

and in general to any method related to downhole wettability measurements.

The procedure of formation testing to determine the relative permeability ratio can be
as follows. The conveyed formation tester tool 203 is positioned at the desired downhole depth
in the borehole 202 at the depth of formation of interest 200. The seal probe 204 controlled by
the probe module 205 is then operated to create a seal between the borehole and the formation to
create continuity between the borehole and the tool flow line. As the seal is established, the
formation fluid is pumped using the pump module 208 through the flow line of the tool. The

water and oil phases of the formation fluid are separated in the separator, which can be for
, p v
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example the separator module 206 or the pump module itself 208. The slugs of fluids, water and
oil, are then sent to the downhole fluid analysis module 207 where they are identified as either
water or oil, their viscosity is determined, and their flow rates are measured. The viscosity can
be measured with, for example, a vibrating wire sensor or a DV-Rod sensor, which may be
implemented in wireline formation testers. Other means and methods for viscosity determination
(measurement and/or calculation) can be employed without deviating from the scope and spirit
of the present invention. Fig. 4 illustrates a laboratory measurement of water and oil (viscosity
standard S20) slugs by a vibrating wire sensor. The flow rate can also be measured with the
pump volume itself and the relative flow rate of oil and water can be determined from the
relative volumes of oil and water. Knowing the flow rates and the viscosity of both phases, the
relative permeability ratio can therefore be determined, using the equation described above, e.g.
Equation A. The formation wettability can be determined using the relationships set forth in Fig.

2.

Referring to Fig. 5, it should be noted that inside the narrow flow line of the
formation tester, equal Velocity for oil slug flow and water slug flow can be assumed. Thus,

observed oil/water slug volume ratio is equal to oil/water flow ratio.

In one embodiment, a method according to the present invention may be carried out
in a transition zone where water and oil phases are present. To be representative of the
formation characteristics, all those measurements should be carried out during the steady state

flow.

It is further noted that a method according to the present invention can be employed

at an early stage of production, and repeated during the lifetime of the reservoir.

Although the present invention has been described in relation to particular
embodiments thereof, many other variations and modifications and other uses will become
apparent to those skilled in the art. It is preferred, therefore, that the present invention be limited

not by the specific disclosure herein, but only by the appended claims.



20

!5

30

WO 2009/090460 PCT/IB2008/003315

WHAT IS CLAIMED I8S:

1. A method for determining a ratio of the relative permeabilities of a first fluid phase

and a second fluid phase constituting a formation fluid from a downhole formation, comprising:
obtaining at a downhole location a formation fluid that includes said first fluid and said
second fluid;
determining a flow rate and a viscosity of said first fluid at said downhole location;
determining a flow rate and a viscosity of said second fluid at said downhole location;
and
dividing a product of said flow rate and said viscosity of said first fluid with a product of
said flow rate and said viscosity of said second fluid to obtain a ratio of the relative permeability

of said first fluid to that of said second fluid.

2. The method of claim 1, wherein said first fluid is comprised of oil and said second fluid is

comprised of water.

3. The method claim 1, further comprising estimating a wettability of said formation using a
water saturation value of said formation and said ratio of the relative permeabilities of said first

fluid to that of said second fluid.

4. The method of claim 3, wherein said water saturation value is obtained from electrical

logs of said formation.

5. The method of claim 3, further comprising estimating a relative permeability of said first

and second fluids using a water saturation of said formation.

6. The method of claim 5, wherein said water saturation value is obtained from electrical

logs of said formation.

7. The method of claim 1, further comprising separating said first fluid from said second

fluid after said obtaining step but prior to said determining steps.

8. The method of claim 1, wherein said viscosity of said first and second fluids are measured

using a viscometer.
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9. The method of claim 1, wherein said determining steps are carried out during a steady

state flow of fluids from said downhole location.

10. The method of claim 1, wherein said method isl carried out during early production of a

reservoir.
11. The method of claim 1, wherein said method is repeated during the life of a reservoir.

12. A tool fbr determining the ratio of relative permeability of downhole fluids obtained
from a downhole formation, comprising: |

a probe module that includes a flow line;

a pumpout module operatively coupled to said flow line;

a downhole fluid analysis module capable of measuring a viscosity and a flow rate of a first
formation fluid and a second formation fluid; and

a calculator module configured to calculate a ratio of relative permeabilities of said first

formation fluid and said second formation fluid.

13. The tool of claim 12, wherein said calculator module calculates said ratio by dividing a

- product of said flow rate and said viscosity of said first fluid with a product of said flow rate and

said viscosity of said second fluid to obtain a ratio of the relative permeability of said first fluid

to that of said second fluid.

14. The tool of claim 12, further comprising a separator to separate said first formation fluid

from said second formation fluid.

15. The tool of claim 12, wherein said calculator module is further configured to estimate

wettability of said downhole formation based on said ratio and water saturation of said formation.

16. The tool of claim 15, wherein said water saturation is determined based on electrical logs

' of said formation.

17. The tool of claim 15, wherein said viscosity of said first and second formation fluids are

measured using a vibrating wire sensor or DV-Rod sensor.

18. The tool of claim 12, wherein said formation fluids are separated in said pump module.

9
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FIG.3
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FIG.5
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